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ELECTROMAGNETICALLY INDUCED TRANSPARENCY 
TRANSPARENT (EIT) 4N-PHOTONIC BAND-GAP FIBERS 

FIELD OF THE INVENTION 
[0001] The present invention relates to electromagnetically induced 
transparency in photonic band-gap structures. More particularly, the present 
invention relates to the use of physical and modal characteristics of photonic 
band-gap fibers to support the use of electromagnetically induced transparency 
in an injected medium. 

BACKGROUND OF THE INVENTION 

[0002] A photonic crystal is a structure having a multi-dimensional 
periodic variation of the dielectric constant, resulting in a band gap structure. 
Electromagnetic wavelengths within the band gap may have reduced 
transmission, and electromagnetic wavelengths above and below the band gap 
may have increased transmission. 

[0003] Introducing defects into the periodic variation of the photonic 
crystal, resulting in variations of the dielectric constant, can alter allowed or non- 
allowed light wavelengths which can propagate in the crystal. Light which cannot 
propagate in the photonic crystal but can propagate in the defect region can be 
trapped in the defect region. A particular line defect in a three dimensional 
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photonic crystal can act as a waveguide channel, for light wavelengths in the 
band gap. 

[0004] Optical waveguide fibers can be generally classified into single- 
mode fiber and multimode fiber. Both types of optical fiber rely on total internal 
reflection (TIR) for guiding the photons along the fiber core. Typically, the core 
diameter of single-mode fiber is relatively small, thus allowing only a single mode 
of light wavelengths to propagate along the waveguide. Single-mode fibers can 
generally provide higher bandwidth because the light pulses can be spaced 
closer together, and are less affected by dispersion along the fiber. Additionally, 
the rate of power attenuation for the propagating light is lower in a single-mode 
fiber. Optical fibers which maintain their single mode characteristics for all 
wavelengths are defined as endlessly single mode fibers. 

[0005] Optical fibers having a larger core diameter are generally 
classified as multimode fibers, and allow multiple modes of light wavelengths to 
propagate along the waveguide. The multiple modes travel at different velocities. 
This difference in group velocities of the modes results in different travel times, 
causing a broadening of the light pulses propagating along the waveguide. This 
effect is referred to as modal dispersion, and limits the speed at which the pulses 
can be transmitted; in turn limiting the bandwidth of multimode fiber. Graded- 
index multimode fiber (as opposed to step-index multimode fiber) has been 
developed to limit the effects of modal dispersion. However, current multimode 
and graded-index multimode fiber designs do not have the bandwidth capabilities 
of single-mode fiber. 
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[0006] Photonic crystals are another means by which photons (light 
modes) can be guided through an optical waveguide structure in multi-mode 
states. Rather than guiding photons using TIR, photonic crystals rely on Bragg 
scattering for guiding the light. The characteristic defining a photonic crystal 
structure is the periodicity of dielectric material along one or more axes. When 
the dielectric constants of the materials forming the lattice are different, and the 
material absorbs minimal light, the effects of scattering and Bragg diffraction at 
the lattice interfaces allow the photons to be guided along or through the 
photonic crystal structure. Figure 1 shows a conventional photonic crystal having 
three photonic band gaps; the allowed frequencies of transmission are above 
and below each gap. 

[0007] Electromagnetically induced transparency (EIT) is the effect of 
making a medium previously opaque or dispersive to an incident laser, partially 
transparent. A classical explanation is that the electrons in the medium are 
induced to have little motion at the frequencies of the intended transparent laser 
light. This can be accomplished by sinusoidal forces offset in phase reducing the 
motion of the electrons. The motion of the electrons is reflected in the dielectric 
constant of the medium and reducing the motion effects the dielectric constant at 
the frequency of interest. 

[0008] Figure 2 illustrates one possible example of EIT with respect to 
three energy state levels, |n>, |n+1>, and |n+2>, of an atom in the medium of 
interest. The atom oscillates between the energy states at the Rabi frequency 
(the electrons move between energy state levels). Experimentally the coupling 
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laser frequency (wavelength A c ) is held fixed, while the probing laser frequency 
(wavelength Ap) is varied. The transmission of the probing frequency through the 
medium, having the energy levels shown in Figure 2, is measured and at 
particular probing frequencies the transmission increases substantially. The 
increase in transmission is usually defined by a transparency width within which 
the probing wavelength enjoys increased transmission. Typically the condition 
exists that the probing laser's linewidth (wavelength extent) be small compared 
to the transparency width. 

[0009] An example of an electromagnetic induced transparency can be 
seen in Figures 3A and 3B. Figure 3A illustrates the transmission percentage 
(%) of a probing laser as a function of the probing laser wavelength, without a 
coupling laser. Figure 3B illustrates the transmission % of the probing laser with 
a coupling laser set to a fixed frequency. With the coupling laser a significant 
increase in transmission occurs in regions previously devoid of transmission. 

[0010] Presently the effects of EIT can only be demonstrated under 
difficult experimental conditions. To obtain a lower resonance line width (the 
width of the probing laser wavelengths within which transmission increases) the 
medium must be cooled to near-zero temperatures. Alternatively if the medium 
is not cooled, a larger resonance line width must be tolerated, which usually 
requires a large intensity coupling laser. 
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SUMMARY OF THE INVENTION 

[0011] Exemplary embodiments of the present invention provide 
methods and devices for the use of electromagnetically induced transparency. 

[0012] Exemplary embodiments of the present invention provide the 
use of electromagnetically induced transparency in photonic band gap structures. 

[0013] Exemplary embodiments of the present invention provide the 
use of electromagnetically induced transparency in a medium injected into a 
photonic band gap fiber. 

[0014] Further areas of applicability of exemplary embodiments of the 
present invention will become apparent from the detailed description provided 
hereinafter. It should be understood that the detailed description and specific 
examples, while indicating exemplary embodiments of the invention, are intended 
for purposes of illustration only and are not intended to limited the scope of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0015] Exemplary embodiments of present invention will become more 
fully understood from the detailed description and the accompanying drawings, 
wherein: 

[0016] Figure 1 is a chart showing the pass bands and band gaps of a 
conventional photonic crystal; 

[0017] Figure 2 is an illustration of conventional multi-level energy 
states in an atom; 
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[0018] Figures 3A and 3B illustrate^ the princ i ple of electromagnetic gi^^^ 
induced transparency; Hfe** 

[0019] Figure 4 is a illustration of a PBG fiber in accordance with an ^ 
exemplary embodiment of the present invention; lo~2-£ 

[0020] Figure 5 is a illustration of a PBG fiber in accordance with 
another exemplary embodiment of the present invention; 

[0021] Figure 6 is a illustration of a PBG fiber in accordance with 
another exemplary embodiment of the present invention; and 

[0022] Figures 7A and 7B illustrate a switch and/or optical fiber in 
accordance with exemplary embodiments of the present invention. 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS OF THE 

PRESENT INVENTION 

[0023] The following description of exemplary embodiments is merely 
illustrative in nature and is in no way intended to limit the invention, its 
application, or uses. 

[0024] Exemplary embodiments of the present invention utilize a 
medium exhibiting EIT effects when illuminated by a coupling laser in portions of 
a PBG. In exemplary embodiments of the present invention, a coupling laser is 
used to manipulate the passage and characteristics of a probing laser through 
the PBG. 

[0025] Figure 4 illustrates a PBG fiber 100 in accordance with an 
exemplary embodiment of the present invention. A coupling laser 150 having a 



6 



C rningRef. [D17151/RSW/S&T] 
HDP Ref. [8790-000043] 

coupling wavelength (and coupling frequency) A c illuminates an end of the PBG 
fiber 100. The coupling laser 150 stimulates various energy levels if*- various ^ 
portions of the PBG fiber 100, allowing an increased transmission at certain i0 
frequencies (the EIT effect) within a transparency width. A probing laser 140 is 
chosen to have a probing wavelength A p (and probing frequency) and/or 
bandwidth (transmission linewidth) within the transparency width. The PBG fiber 
100 shown in Figure 4 can have a first medium 110 of a first index of refraction 
and several other portions having various indices of refraction, for example 
column 120 can be comprised of a second medium with a second index of 
refraction and column 130 (often described as the core) can be composed of a 
third medium with a third index of refraction. The first medium can be exposed to 
a background medium. The first, second, and third mediums are chosen so that 
the PBG fiber 100 exhibits properties allowing certain frequencies to pass 
through the PBG fiber 100 (often referred to as pass gap frequencies), and 
prohibit other frequencies, within a band gap, from passing through the PBG fiber 
100. The second and/or third mediums can be partially exposed to the 
background medium. In exemplary embodiments of the present invention the 
probing laser and/or the coupling laser frequencies can lie within the pass-gap 
frequencies. Although three mediums are shown, any number of media may be 
used to construct a PBG fiber in accordance with exemplary embodiments of the 
present invention. 

[0026] In additional exemplary embodiments of the present invention 
the second and/or third mediums may be fluids and/or gases that fill cavities in 
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the PBG fiber. If the second and/or third mediums are fluids and/or gases in 
cavities, then during fabrication the ends^the respective mediums are sealed to 
prevent leakage out of the cavities The fluids and/or gases are chosen such that 
they exhibit an increased transmission at the probing frequency when illuminated 
at a coupling frequency. 

[0027] Figure 5 illustrates a PBG fiber 200 in accordance with another 
exemplary embodiment of the present invention. PBG fiber 200 is illuminated by 
a coupling laser 250 with a coupling frequency, and a probing laser 240 with a 
probing frequency. In various exemplary embodiments of the present invention 
the probing 240 and coupling laser 250 can produce light simultaneously, in 
pulsed states, out of phase, with only one laser used, with one laser continuous 
and one pulsed or any other combination. The scope of exemplary embodiments 
of the present invention should not be interpreted to be limited by the operational 
use of the lasers with respect to each other. 

[0028] Figure 5 illustrates the PBG fiber 200 having three mediums 
where one of the mediums is produced in isolated blocks within the first medium 
210. As illustrated, the second medium 230 is surrounded by columns of a third 
medium that have been separated into isolated chambers 220 and 225. The 
chambers 220 and 225 may be repeated along the length of PBG fiber 200. 

[0029] In exemplary embodiments of the present invention, each of the 
chambers can be filled with a solid, fluid, or gas. If filled with fluids and gases the 
individual chambers 220 and/or 225 can be pressurized such that the pressures 
in the chambers 220 and/or 225 are different than the pressure in the 
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environment surrounding the PBG fiber 200. The pressures can be changed to 
increase the EIT effect within the chambers 220 and/or 225 when illuminated by 
the coupling and probing lasers 250 and 240, respectively. The pressures can 
be lower, higher, or the same with respect to each chamber 220 and 225 and the 
environment surrounding the PBG fiber 200. Examples of media that can fill the 
chambers are mediums exhibiting EIT effects when illuminated by a coupling 
laser. For example gases having a three level narrow optical transition, as 
described above with respect to Figure 2, can be used for filling chambers 220 
and/or225. 

[0030] In exemplary embodiments the index of refraction of the 
chambers are less than the index of refraction for the first medium. 

[0031] The chambers 220 and 225 can be created by using a fiber that 
has been drawn forming column chambers of full fiber length, then heating 
periodic sections to cause a reflow process at the heated points closing off the 
chambers at those points forming periodic isolated chambers. One of ordinary 
skill in the art could devise additional methods to form the isolated chambers 
using known techniques. Exemplary embodiments of the present invention 
should not be interpreted as being limited to particular methods of forming the 
isolated chambers. 

[0032] One exemplary method of generating a PBG in accordance with 
an embodiment of the present invention is to extrude through a die a material 
comprising at least one glass powder and a binder to form a body having a first 
face spaced apart from a second face. Each face has an area, where a plurality 
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of channels extend from the first to the second face and form openings in the 
respective faces. In embodiments where isolated chambers contain filled 
mediums that can exhibit EIT effects, there need not be any openings formed on 
the first or second face. The channels may be separated one from another by 
intervening walls which have a cross section, the cross section of the walls 
serving to separate the array of openings, one from another, in the respective 
faces. The body may be heated driving off the binder and viscously sintering the 
glass powder to form a glass body. A glass fiber or rod may be drawn from the 
glass body forming channels in the glass body. The channels may be filled with 
a medium that exhibits EIT when illuminated by a coupling laser of wavelength Ac 
and the channels sealed. In additional exemplary embodiments of the present 
invention, the body containing the channels, may be periodically heated at 
periodic lengths to cause reflow and sealing of the channels to form isolated 
chambers that are filled with the medium. Other methods of forming isolated or 
sealed channels are intended to fall within the scope of the present invention/For 
example, another method of forming isolated chambers would be to insert at 
periodic lengths within the channels a sealant substance that either cures in 
place or hardens when heated forming the walls of isolated chambers. 

[0033] Figure 6 shows yet another variation of a PBG fiber 300 
configuration in accordance with exemplary embodiments of the present 
invention. A probing laser 340 and a coupling laser 350 can illuminate the PBG 
fiber 300. The PBG fiber 300 is composed of a first medium 310, and a second 
medium separated into chambers 320 and 325. In this variation the isolated 
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chambers 320 and 325 repeat themselves throughout the PBG fiber 300 and are 
surrounded by the first medium 310. Various other configurations of chambers 
and mediums are intended to lie within the scope of the present invention. 

[0034] PBG fibers in accordance with embodiments of the present 
invention can provide guided si§rn3T modal field intensity levels needed for non- 
cooled EIT effects. Additionally the PBG fibers allow overlap of the laser signals 
having coupling and probing frequencies within the fiber and the signals do not 
diverge within the PBG and can interact with the medium exhibiting EIT effects 
continuously. 

[0035] Exemplary embodiments of the present invention include 
utilization of the PBG fiber and the EIT effect to construct various devices. One 
of ordinary skill in the art would be able to use the disclosure of the present 
invention and the discussed PBG fibers and coupling and probing lasers to 
construct devices using the EIT effect in the PBG fiber for various functions in 
accordance with exemplary embodiments of the present invention. For example 
Figures 7A and 7B illustrate one possible use of PBG fiber, having EIT 
characteristics, as an optical switch 400, in accordance with exemplary 
embodiments of the present invention. 

[0036] The optical switch 400 is composed of a PBG fiber in 
accordance with discussions above, having an EIT transparency width W. A 
signal carried by the probing laser 420 has a probing frequency within the pass 
gap frequencies but the medium through which the signal travels is opaque to the 
particular probing frequency. Thus no signal flows through the optical switch 
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400. Upon the illumination of the optical switch 400 with a coupling laser 430, 
the medium exhibits EIT effects and the transmission at probing frequencies 
increases allowing the signal formed by the probing laser 420 to pass through the 
optical switch 400 exiting as a transmission signal 440. The transmission signal 
440 may experience dispersion and intensity variations when compared to the 
original signal generated by the probing laser 420. The coupling laser also may 
pass through, exiting the optical switch 400 as a transmitted coupling signal 450, 
which may also experience dispersion and intensity variations. Additional 
devices can be formed using embodiments of the present invention, e.g., phase 
shifters, Boolean operators, wavelength filters,... All devices using a PBG having 
mediums which carry the pass gap frequencies that exhibit EIT effects are 
additionally intended to fall within the scope of the present invention. 

[0037] The description of the invention is merely exemplary in nature 
and, thus, variations that do not depart from the gist of the invention are intended 
to be within the scope of the embodiments of the present invention. Such 
variations are not to be regarded as a departure from the spirit and scope of the 
present invention. For example the configuration of the PBG fiber should not be 
interpreted to be limited to the arrangements shown in Figures 4-6. 
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